The suitability of synchrotron radiationinduced X-ray emission (SRIXE) 
INTRODUCTION
Metal ions play important roles in protein structure and function. In metalloenzymes, the metal ion is directly involved in the catalysis of a chemical reaction (6) . Other proteins require metal ions for the stabilization of the tertiary structure. Zinc finger proteins contain one or several small zinc-binding domains that mediate specific protein-nucleic acid or protein-protein interactions (2) . The zinc ion is crucial for the proper folding and structure of the zinc finger. Other metal-binding proteins are involved in the homeostasis of metal concentrations in the living cell (6) . The failure of such proteins to function properly results in serious disease syndromes such as Wilsons disease (3, 25) , Menkes disease (4, 17, 26) , and hereditary hemochromatosis (8, 14) .
The study of protein function benefits from a detailed analysis of the protein's biochemical and biophysical properties. Metal-binding capabilities of a protein or of a protein domain can be indicative for a potential protein function. We tested the suitability of synchrotron radiation-induced X-ray emission (SRIXE) (5, 10) for the detection and identification of protein-bound metal ions in preparations of purified, soluble protein. We used recombinant proteins consisting of glutathione Stransferase (GST) fused to zinc-binding motifs. The study shows that the minimal procedures for sample preparation and the small mass of protein needed make SRIXE an excellent tool for the detection and identification of proteinbound metal ions.
MATERIALS AND METHODS

Engineering of Expression Plasmids
Plasmids for the expression of recombinant fusion proteins in E. coli strain BL21(DE3) were derivatives of pGEX-KG (11) . pGEX-CR wt contained the coding sequence of the cysteine-rich motif of poliovirus protein 2C fused in frame to the distal end of the coding sequence of GST (Table 1 ) (19) . Similarly, pGEX-CR mut contained the coding sequence of the mutated cysteine-rich motif, in which the codons for cysteine and histidine had been replaced by those for serine and glutamine, respectively (19) . pGEX-ZF3A contained the coding sequence for the proximal zinc finger of the human transcription factor IIIA [hTFIIIA; GenBank ® accession no. D32257 (1) ]. The cDNA of the zinc finger coding region was obtained by RT of total RNA from HeLa cells in the presence of random nonameric primers and subsequent PCR using PfuDNA polymerase (Stratagene, La Jolla, CA, USA) and the specific positive sense primer 5 ′ -CGGAATTCCTCCGCGCCCCGCG-CTTCC-3 ′ and negative sense primer 5 ′ -GGAGAGCTCTGGTCTCTCCCC -CGTGTGC-3 ′ . The RT-PCR product was digested with the restriction enzymes Eco RI and Sac I (Roche Molecular Biochemicals, Indianapolis, IN, USA) and inserted between the corresponding sites of pGEX-KG using T4 DNA ligase (Roche Molecular Biochemicals). E. coli DH5 αcells transformed with the ligated plasmid were used for plasmid propagation. The in -tegrity of the RT-PCR-derived sequences in pGEX-ZF3A was confirmed by the sequencing of purified plasmid using Sequenase ® (USB, Cleveland, OH, USA).
Protein Expression and Purification
GST-fusion proteins were expressed and purified as previously described (19) with modifications. E. coli strain BL21 (DE3) (24) transformed with the plasmids pGEX-KG, pGEX-CR wt , pGEX-CR mut , or pGEX-ZF3A were grown in 250 mL 2 ×YT broth (21) at 37°C in the presence of 100 µ g/mL ampicillin (Sigma, St. Louis, MO, USA) until an absorbance at 600 nm (A 600 ) of between 0.9 and 1.0 was reached. IPTG was added to a final concentration of 0.1 mM, and the culture was incubated at 30°C for an additional 3 h. The pelleted cells were resuspended in 12.5 mL lysis buffer (20 mM HEPES/KOH, pH 7.5, 140 mM NaCl, 10 mM 2-mercaptoethanol) and lysed in a French pressure cell. The lysate was clarified by centrifugation at 12 000 × g at 4°C for 10 min. The supernatant was split in two aliquots. To each, 125 µ L (bed volume) glutathione Sepharose ® (Amersham Biosciences, Piscataway, NJ, USA), equilibrated in lysis buffer, was added, and the GSTfusion proteins were allowed to bind to the Sepharose at 4°C for 45 min. The collected Sepharose beads were resuspended in 12.5 mL lysis buffer containing either 1 mM EDTA or 0.1 mM zinc acetate and incubated at 4°C for 10 min. Subsequently, the beads were washed three times with lysis buffer and once with elution buffer (40 mM HEPES/KOH, pH 8.0). GST fusion proteins were eluted stepwise in a total volume of 450 µ L elution buffer containing 10 mM reduced glutathione (Sigma). Glycerol (50 µ L) was added to the eluates, which were subsequently stored at -80°C. These protein preparations were used in all experiments of this study. Protein purity was monitored by SDS-PAGE (15) . Protein concentration was determined according to the method described by Gill and Hippel (9) . All buffer solutions were prepared with ultra-pure water generated by an ELGA UHQ PS water purification system (Elga Labwater, Lowell, MA, USA).
Estimation of Metal Content Using 4-(2-pyridylazo)resorcinol (PAR)
To increase the accessibility of protein-bound metal ions for chelation by PAR (13, 16) (19) . The amount of protein analyzed was adjusted so that the amount of released metal was within the linear range of the standard curve.
SRIXE
SRIXE analysis was performed at the X26A X-ray microprobe beamline of the Brookhaven National Laboratory Synchrotron Light Source. The X-ray beam had an energy of 9.6 keV and dimensions of 1000 µ m in the horizontal direction and 150 µ m in the vertical direction. Five microliters of purified protein were spotted onto a hydrophobic AP1 membrane (Process Analytics, Orem, UT, USA), forming a stable droplet. The thickness of the membrane at the sample position was only 0.15 µ m so that background from scattered X-rays was minimized. The membrane was immediately placed into the incident beam at a 45° angle. The sample was positioned in the path of the beam with the help of a microscope mounted perpendicularly to the sample supporting membrane, that is, at 135° to the incident X-ray beam. The optimal sample position was determined by SRIXE scanning of the liquid droplet along the z-axis. The position with the strongest a GST expressed from pGEX-KG included a thrombin cleavage site and a glycine linker (11) . Additional vector-derived sequences are depicted in italics. Potential zinc-coordinating amino acid residues are underlined. total signal was chosen for data accumulation, which was typically allowed to proceed for 10 min. Fluorescent Xrays were detected using a 30-mm 2 energy-dispersive Si(Li) X-ray detector with an energy resolution of approximately 160 eV that was mounted at 90°4 cm from the incident X-ray beam (5). X-ray spectra and peak area calculations were obtained using a Canberra ND9900 data-acquisition system (Canberra, Meriden, CT, USA). Emission intensity was normalized to the actual ion chamber and protein concentration.
RESULTS AND DISCUSSION
The use of SRIXE for the qualitative and quantitative determination of metal content in biological, geological, and environmental samples is well established (10) . The versatility of the technique is based on its low detection limits, multi-element sensitivity, and high spatial resolution (5, 10) . Typically, thin sections of dried, embedded, or otherwise fixed materials are used as specimen. The purpose of this study was to evaluate SRIXE as a tool to detect and identify metal ions in preparations of purified, soluble protein. In contrast to other spectroscopic methods, SRIXE can analyze samples under atmospheric conditions, making laborious sample preparation unnecessary. In addition, SRIXE has the potential to be used for the analysis of samples arranged in microarrays because of the high spatial resolution of the microprobe, high detection sensitivity, and minimal amounts of sample materials needed.
We have used short metal-binding peptides fused to GST (Table 1) . GST-CR wt contained the cysteine-rich motif of the polioviral nonstructural protein 2C. Using the metal chelator PAR, we have previously demonstrated that this motif is zinc binding (19) . When the five cysteine residues and the histidine residue within the motif were replaced by serine and glutamine residues, respectively (GST-CR mut ; Table 1 ), zinc binding was lost (19) . GST-ZF3A contained the proximal zinc finger of the nine zinc finger-containing domain of human transcription factor IIIA. Homologous zinc fingers have been shown to bind zinc (18) . Finally, GST without the metal binding motif was expressed to determine the metal-binding properties of GST itself. All buffers used during purification contained the reducing agent 2-mercaptoethanol to keep the thiol groups of the cysteinate side chains in a reduced form and, thus, competent for metal coordination. Of each protein two preparations were made. One preparation included a short incubation of the immobilized protein with zinc before protein purification to saturate the metal-binding sites with zinc. The other preparation included a short incubation with the chelating agent EDTA before protein purification to remove protein-bound metals. Protein preparations were analyzed for purity and correct size of the fusion proteins by SDS-PAGE (Figure 1) . Each preparation contained one major band that migrated according to its expected size (Table 1) . Faster migrating bands represent GST and, most likely, other truncation products. Zinc and EDTA treatment did not alter the migration pattern or the relative quantities of the proteins (not shown). Overall, we estimated a purity of 90%, which was sufficiently pure to conduct the experiments.
PAR was used to determine the approximate metal content of the protein preparations. Two molecules of PAR chelate one metal ion, resulting in an increase of light extinction at 500 nm (13) . A standard curve of known concentrations of zinc was used to estimate the concentration of metal ions in the protein preparations and to calculate the metal:protein stoichiometry ( Figure  2) . A stoichiometry of 0.6 was obtained with the GST preparation. Zinc binding of GST has been found earlier, using a 65 zinc-blotting assay (20) . The molar metal:protein ratio obtained for GST was similar to that for GST-CR mut , which indicates that the mutated cysteine-rich motif of protein 2C did not contribute to metal binding. In contrast, GST-CR wt bound metal in a molar ratio of 2, indicating that the five cysteine residues and the single histidine residue of the wild-type sequence promote metal binding of the motif. GST fused to a classical zinc finger motif (GST-ZF3A) resulted in a higher metal-toprotein ratio than GST alone, but the ratio was surprisingly low if compared to that of GST-CR wt (see below). EDTA treatment before protein purifi -R e searchR e po r t (Figure 2 ). Table 2 lists the absolute concentrations of protein and metal in the protein preparations. For SRIXE analyses, 5 µ L of the protein preparations described above were spotted onto the hydrophobic AP1 membrane. The hydrophobic surface of AP1 prevented the droplet from spreading and running down along the vertical mount during measurement. The diameter of the droplets, 3.3 mm, was determined by the volume of material used and should be constant to approximately 90%. This makes possible the accurate comparison of zinc content from sample to sample. In addition, the AP1 membranes contribute negligible background, which is important for obtaining the lowest possible detection limits. X-ray spectra were collected for 10 min. The sample was stable for at least 30 min because data collection could be repeated twice on the same sample without significant differences between the spectra (not shown). This implies that there were no radiation damage effects of consequence and/or loss by evaporation or change in sample shape. Typical X-ray spectra obtained for the various protein preparations are presented in Figure 3A . The spectra of the proteins charged with zinc show a peak at 8.63 keV, the energy of the zinc K α X-ray. This peak was drastically reduced in samples that had been treated with EDTA, in agreement with the results obtained with PAR. Besides zinc, other elements show emission at their respective energy line. All protein preparations contained trace amounts of nickel evident by the presence of a minor peak at 7.5 keV. A distinct peak at 6.4 keV indicative for iron was found in the spectra of the zinc-binding proteins GST-ZF3A and GST-CR wt , but not in those of GST and GST -CR mut ( Figure 3A) . The peak for iron did not disappear after EDTA treatment. We suspect that iron ions were provided as trace contaminants in the buffer solutions used during protein purification after EDTA treatment because no special measures were taken to remove metal contaminants from the solutions. Thus, it appears that the zinc finger of hTFIIIA and the zinc-binding motif of protein 2C have some affinity to iron. All spectra showed a strong peak for the potassium K α X-ray. Potassium was an ingredient in the buffer solutions (see Materials and Methods section). The concomitant detection of zinc, nickel, iron, and potassium demonstrates the benefit of the multi-element specificity of SRIXE. Under the conditions used in the present experiment, SRIXE has the potential to detect atoms with characteristic X-ray energies from 3 to 20 keV.
To quantitate the amount of zinc in the protein preparations by SRIXE, the areas under the zinc peaks were calculated, normalized to ion chamber and protein concentration, and plotted on a bar graph ( Figure 3B ). The relative amounts of zinc were in good agreement with the metal:protein ratios obtained with the PAR assay ( Figure 2 ). The zinc content was lowest in the proteins GST and GST-CR mut . GST-ZF3A and GST-CR wt contained higher amounts of zinc. Again, GST-ZF3A appeared to bind zinc poorly if compared to GST-CR wt . In contrast to protein 2C, which contains only one metal-binding site, hTF3A contains nine zinc fingers in a row, which may bind zinc cooperatively. In GST-ZF3A, only one zinc finger is expressed resulting in the loss of potential cooperativity. An alternative explanation is that not all of the nine zinc fingers in hTF3A have to be charged with zinc for hTF3A to be functional. Therefore, an individual zinc finger may afford to express a low zinc-binding capacity. Indeed, previous analyses of the homologous transcription factor IIIA of Xenopus laevis have revealed a zinc:protein stoichiometry of 2 rather than the theoretically expected stoichiometry of 9 (12, 22) .
A minimum detection limit for the SRIXE analysis was calculated using a spectrum ( Figure 3A ) obtained for the GST/Zn material, which had a zinc concentration of 7 × 10 -6 g zinc/g solution based on the PAR determination shown in Table 2 . The minimum detection limit was taken to be given by 3 × (background) 1/2 , as discussed by Currie (7). This relationship gave a value of 49 ×10 -9 g/g for the minimum detection limit.
The volume of the sample material analyzed by SRIXE is determined both by the beam area and the absorption of the incident X-rays and the emerging zinc K α X-rays. The production of Xrays at a sample thickness greater than 1.5 mm is less than 10% of the production at the sample surface. This corresponds to a SRIXE analysis of a volume given by 0.150 mm ×1.0 mm × 1.5 mm or 225 nL. The number of zinc atoms contained in this volume for the GST/Zn sample is then 1.45 ×10 13 from the concentration shown in Table  1 . For a sample with a zinc concentration corresponding to the minimum detection limit, the value is reduced by the ratio of the minimum detection limit to the concentration shown in Table 2 or 0.049/7.00 or 0.007 giving a value of 1.02 × 10 11 zinc atoms. This is an up to 100-fold lower detection limit than that obtained with the more laborious techniques usually used to detect metal ions in proteins. An estimate was also made of the expected X-ray production based on estimates of the X-ray flux, the number of zinc atoms in the sample, the X-ray cross-section, and the detector geometry. This yield was compared to the measured background counts to estimate the detection limit. The result was consistent with the above concentration estimate using PAR.
Further developments may increase the sensitivity and versatility of SRIXE in the detection of protein-bound metal ions. Using dried samples will increase the concentration of metals and reduce scattering background. In our experience, drying of the protein solution on the AP1 membrane resulted in a highly heterogeneous distribution of metal within the specimen and was thus not useful for analysis with the microprobe beam of beamline X26A. Ideally, the dried sample would be of a diameter smaller than that of the incident beam.
Sample sizes in the range of nanoliters are being used in microarray technology. The combination of SRIXE with microarray technology will make possible the efficient screening of numerous samples for protein-bound metal ions. Use of the smaller sample volumes will necessitate improvements in the sensitivity of the SRIXE approach.
The number of zinc atoms in an assumed microarray sample volume of 0.5 nL would be in the range from 6.1 × 10 8 to 1.1 ×10 11 atoms. These values are below the detection limits for the present experimental apparatus. It will be possible to increase the sensitivity because the material will be concentrated in a smaller volume and drying of the sample in an area smaller than the beam size will be feasible. A smaller area will also make possible the use of existing Kirkpatrick-Baez focusing mirrors at the beam line used for this experiment to concentrate the beam over the sample area. Microarray analysis will also be easily attainable by use of undulator sources at thirdgeneration synchrotron X-ray sources such as the Advanced Photon Source at Argonne National Laboratory or the Advanced Light Source at Lawrence Berkeley National Laboratory where the photon flux is roughly 1000 times more intense than that used in the present experiment.
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Vol. 32, No. 1 (2002) Figure 3 . Detection of metal ions in preparations of purified proteins by SRIXE. (A) X-ray spectra of the protein preparations indicated. Relative intensities (counts) were measured from 3 to 9 keV at intervals of 12 eV (x-axis). The counts normalized to ion chamber and protein concentration were plotted logarithmically on the y-axis. The peaks for K, Fe, Ni, and Zn are indicated. (B) Relative amounts of zinc. Area calculation of the zinc K α peaks in the spectra shown in panel A was performed using the ND9900 data acquisition software (Canberra). For the zinc-treated samples GST, GST-CR wt , and GST-ZF3A, the zinc areas of three independent spectra were calculated. Their average values and standard deviations are displayed.
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In conclusion, the multi-element sensitivity and other properties of SRIXE make it a highly suitable method for the identification of proteinbound metal ions. In conjunction with the expression of a potential metalbinding motif fused to GST or another protein for which a simple purification regimen exists, SRIXE can quickly identify metal-binding properties both qualitatively and quantitatively. Site-directed mutagenesis of the metal-binding motif allows the investigator to identify the residues involved in metal coordination. Although a relatively high purity of the protein to be analyzed is required, only small amounts of protein are needed because of the high sensitivity of SRIXE. Therefore, SRIXE is also suitable for the analysis of nonrecombinant proteins from cultured cells or fresh tissue. Very often, a protein of interest is of low abundance in the starting material or difficult to purify, resulting in small amounts of purified protein. However, the metal binding sites of nonrecombinant proteins are likely to be occupied with the biologically relevant metal ion, making metal-charging of the protein unnecessary. Therefore, SRIXE can be the method of choice to detect and identify protein-bound metal ions.
